This study examines the capacity of intact spinach (Spinacia oleracea L.) chioroplasts to fix "CO2 when supplied with Benson-Calvin cycle intermediates in the presence of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) Cyclic photophosphorylation could play an obligatory role in the ATP balance during photosynthesis in chloroplasts (11, 18, 21) . Numerous studies have shown that maximum activity of cyclic electron transport requires correct redox poising of the electron transport components involved (2, 3, 11, 14, 18, 23) . But the capacity of the endogenous cyclic electron transport system in chloroplasts has not been widely established (9). In one of these studies, Kaiser and Urbach (14) RuP2, ribulose 1,5-bisphosphate. measured under these conditions provides an estimate for the activity of endogenous cyclic photophosphorylation in chloroplasts.
added. The highest rate of "CO2 fixation (20-40 micromoles per ram chlorophyll per hour) was obtained with dihydroxyacetone phosphate. In contrast, no "CO2 fixation occurred when 3phosphoglycerate was used. "CO2 fixation in the presence of dihydroxyacetone phosphate and DCMU was inhibited by carbonylcyanide i-chlorophenylhydrazone, DL-glyceradehyde, and pyridoxal 5'-phosphate. Low concentrations of 02 (25-50 micromolar) stimulated "CO2 fixation, but the activity decreased with increasing 02 concentrations. The fixation of "CO2 in the presence of DCMU and dihydroxyacetone phosphate was also observed in maize bundle sheath ceils. These results provide direct evidence for cyclic photophosphorylation in intact chboroplasts. The activity measured is adequate to support all the extra ATP requirements for maximum rates of pbotosynthesis in these intact chloroplasts.
Cyclic photophosphorylation could play an obligatory role in the ATP balance during photosynthesis in chloroplasts (11, 18, 21) . Numerous studies have shown that maximum activity of cyclic electron transport requires correct redox poising of the electron transport components involved (2, 3, 11, 14, 18, 23) . But the capacity of the endogenous cyclic electron transport system in chloroplasts has not been widely established (9) . In one of these studies, Kaiser and Urbach (14) reported that 2.5 mm DHAP2 totally inhibited photosynthetic 02 evolution in intact chloroplasts without greatly affecting 14CO2 fixation. The nature of this selective inhibition of 02 evolution by DHAP is not known, but RuP2, ribulose 1,5-bisphosphate. measured under these conditions provides an estimate for the activity of endogenous cyclic photophosphorylation in chloroplasts.
In this study, we have examined the activity of "CO2 fixation with exogenous sugar phosphates in isolated chloroplasts in the presence of DCMU which totally inhibited net 02 evolution. The rate of "CO2 fixation obtained indicates that endogenous cyclic photophosphorylation has the capacity to provide all the extra ATP needed for maximum rates of photosynthesis determined in these chloroplast preparations.
MATERIALS AND METHODS
Intact chloroplasts were isolated from leaves of spinach (Spinacia oleracea L.) plants grown under natural daylight in glasshouse, and "'CO2 fixation in the organelles was determined as described (21) . Mesophyll-free bundle sheath strands were isolated from Zea mays L. var Dekalb XL66 by the method of Chapman et al. (4) .
Mesophyll-free bundle sheath strands of Chloris gayana L. and Panicum miliaceum L. were isolated by differential grinding. This procedure was adapted from Hatch and Kagawa (10) . Five g of leaves (10-12 cm long) from 3-to 4-week-old plants were harvested, and after mid-rib removal, sliced into 1-mm segments. The leaf material was homogenized for 20 s full speed and for 10 to 20 s at 40%o line voltage with a Sorval Omnimix in 120 ml of medium A: 0.3 M sorbitol, 20 mm Hepes, 1 mM MgCl2, 1 mm KH2PO4, 20 mM sodium isoascorbate, and 0.5 mm CaCl2 (pH 7.8 with KOH) until a high percentage of single strands, free from mesophyll, were evident. The homogenate was filtered on Miracloth, resuspended in 100 ml of medium A, and refiltered. The strands were then resuspended in 100 ml of medium B: 0.3 M sorbitol, 10 mm Hepes, 2 mm MgCl2, 2 mm KH2PO4, 10 mm KCI, adjusted to pH 7.4 with KOH, refiltered, and washed with another 100 ml of medium B. Strands were resuspended in 25 ml of medium B, gassed with N2, and stored stoppered on ice until use.
Time course of 14CO2 fixation by bundle sheath strands of C4 species (25 ,ug Chl/ml) was determined in 5 ml of 0.3 M sorbitol, 10 mm Hepes-KOH (pH 7.4), 2 mm MgCI2, 2 mm KH2PO4, 10 mM KCI, and 10 mM NaH14CO3 (0.1 Ci/mol) at 1,200 iE m-2 S-1.
One-ml aliquots were removed into 0.5 ml concentrated HCOOH at 2-min intervals. Samples were air-dried, and the radioactivity of acid-stable products was determined by liquid scintillation counting.
Isotopic analysis of 02 exchanges in isolated chloroplasts from spinach leaves was performed using a Varian MAT GD 150 Massratio mass spectrometer as described (8) . 321 
RESULTS
In spinach chloroplasts, DHAP (2.5 mM) was reported to inhibit 02 evolution completely without greatly affecting '4C02 fixation (14) . In the chloroplast preparations used in our studies, DHAP (up to 10 mM) was found to inhibit 4 CO2 fixation and 02 evolution almost equally (data not shown). Hence, in the present study, DCMU (2 ,tM) was added to ensure suppression of linear electron transport during "4CO2 fixation with DHAP. Figure 1 shows the time course of net 02 evolution and "4CO2 fixation in intact spinach chloroplasts in the presence of DCMU, R5P, and DHAP. In control treatments, R5P was found to increase both 02 evolution and "4CO2 fixation equally (Fig. la) (Table I ).
The partial restoration of "4CO2 fixation but not 02 evolution 24-a. Control +R-5-P by R5P and DHAP in the presence of DCMU was also observed when these intermediates were substituted with F6P and FBP ( (Fig. 2) . The considerably higher concentration (10 mM) needed for the other substrates would presumably be due to the lower affinity of the Pi translocator for these substrates (6) . Table III shows that "4CO2 fixation in the presence of DCMU and DHAP was strongly inhibited by pyridoxal 5'-phosphate, an inhibitor of the Pi-translocator (7), CCCP, an uncoupler of photophosphorylation, and DL-glyceraldehyde, an inhibitor ofphotosynthetic carbon metabolism (19 (Fig. 4) . A concentration of only about 4 um N02 was sufficient to cause 50% inhibition of "4CO2 fLxation.
The bundle sheath chloroplasts of Z. mays are deficient in PSII activity (22) , and the generation of ATP in these chloroplasts involves cyclic electron transport predominantly (4). Bundle sheath strands from Z. mays, incapable of fixing "4CO2 without added substrates, showed substantial photosynthetic activity when supplied with DHAP (Fig. 5 ). Malate and R5P stimulated this activity. The stimulatory effect of malate could presumably be linked to the generation of NADPH during malate decarboxylation for "4CO2 fixation by RuP2 carboxylase. In contrast, DCMU was strongly inhibitory, but substantial activity (30%o of control) remained in the presence of DCMU. A similar inhibitory effect of DCMU on 4CO2 fixation with malate alone was observed in these cells, but this inhibition was partially reversed by reducing the 02 concentration (4). These authors suggested that these treatments modified the redox poising of the cyclic electron transport system in these cells.
Antimycin A strongly inhibited "CO2 fixation in intact chloroplasts under optimum assay conditions (11, 21) . In an earlier study, we have shown that this effect was linked to the inhibition of endogenous cyclic photophosphorylation (21) . effective of the substrates examined. Under these conditions, the net 02 evolution (when present) did not represent more than 5% of "CO2 fixation activity restored by the addition of DHAP.
Furthermore, there was no apparent increase in the rate of 02 uptake measured during CO2 fixation with DHAP in the presence of DCMU (Table I) . The above evidence indicates that the activity of "CO2 fixation measured with DHAP in the presence of DCMU was not linked to .either linear or pseudocyclic electron transport. Rather, the ATP required for ribulose 5-phosphate kinase activity was primarily generated by the chloroplast cyclic electron transport system. Hence the rates of "CO2 fixation obtained under these conditions would provide a minimum estimate of the capacity of endogenous cyclic photophosphorylation in the chloroplast.
High rates (30-60 umol mg-' Chl h-') of endogenous cyclic photophosphorylation were obtained in the studies of Kaiser and Urback (14) . The values obtained in the present study, after correction for chloroplast breakage, were about 21 to 37 (mean 27) ,umol mg-' Chl h-'. Assuming that linear electron transport only provides 1.33 ATP/NADPH and the fixation of I mol CO2 in chloroplasts requires 1.5 ATP/NADPH, the extra ATP needed to maintain this stoichiometry would only be 12.8% of the total NADPH formed. The values of endogenous cyclic photophosphorylation determined above would therefore support CO2 fixation rates of 80 to 150 ,umol mg-' Chl h-1. These are minimum estimates because DCMU at 2 Mm is supraoptimal for correct redox poising of the cyclic electron transport system (3, 11, 14) .
Furthermore, other factors (e.g. Pi transport) may also limit "'CO2 fixation with DHAP in the presence of DCMU. Nevertheless, the activity of endogenous cyclic photophosphorylation determined in the present study indicates that it could support maximum rates of CO2 fLxation obtained in these chloroplasts. This is consistent with our previous studies showing that cyclic photophosphorylation is the predominant energy balancing reaction during photosynthesis in intact chloroplasts (21) . On the other hand, although the high rates of 02 uptake observed during photosynthesis in chloroplasts and cells have been used to suggest substantial activity of pseudocyclic electron transport during photosynthesis (5, 8) , most of this 02 uptake (>80%o) does not appear to be linked to ATP synthesis (21). Furthermore, the high level of NADP+ (10-25 nmol/mg Chl) prevailing in illuminated chloroplasts (20) is also likely to suppress Fd-dependent 02 uptake in the organelle.
Thus, compared to cyclic photophosphorylation, the contribution of pseudocyclic electron transport to the ATP/NADPH balance during photosynthesis in intact chloroplasts and cells appears to be relatively minor (11, 15, 18, 21) . Nevertheless, 02 is required for correct redox poising of cyclic electron transport ( Fig. 3 ; Refs. 2, 3, 11, 14, 23) and, hence, would still be expected to influence photosynthetic activity indirectly.
The stimulation of "4CO2 fixation by low (<50 Mm) 02 concentrations (Fig. 3 ) is likely to be associated with the poising of cyclic electron flow by 02 (11, 14, 23) . But under conditions ofmaximum photosynthesis in chloroplasts when high rates of linear and cyclic electron transport occurred, the optimum 02 concentration required could possibly be higher than the values obtained in Figure  3 . The inhibitory effect of N02 (Fig. 4) and high 02 concentrations (Fig. 3) suggests an excessive drainage of electrons from cyclic flow during the reduction of N02 and 02 under these conditions. But, in contrast to the chloroplast system without DCMU present in which such electron transfer to N02 has led to significant ATP synthesis (21) , such electron transport activity in the presence of DCMU was evidently too low to contribute significantly to ATP synthesis. Hence, CO2 fixation declined. This also confirms that residual linear electron transport was not generating the required ATP for "4CO2 fixation observed in this study.
The sharply contrasting effect observed with 02 and N02 on '4CO2 fixation with DHAP in the presence of DCMU (Fig. 3 and  4 (21) .
The antimycin A inhibition of '4CO2 fixation in isolated chloroplasts (11, 21) and in bundle sheath cells of Z. mays and P. miliaceum (Table V) presumably could be attributed to the inhibitory action of antimycin A on Cyt b6 in the cyclic electron transport system (1, 17) . However, 1 C02 fixation in chloroplasts in the presence of DHAP and DCMU was relatively insensitive to antimycin A inhibition (Table IV) . "CO2 fixation with pyruvate in mesophyll chloroplast preparations containing intact chloroplasts and extrachloroplastic extracts from Digitaria sanguinalis was found to be insensitive to inhibition by 5 ,UM antimycin A in the presence of 0.2 to 0.8 ,UM DCMU which greatly stimulated cyclic photophosphorylation in control treatments (12) . It is interesting that antimycin A (at 100 uM) only inhibited 30%o of the oxidoreductase activity in the isolated Cyt f/b6 complex from spinach leaves (13) . This 
